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Properties  of  arrays  of  closely  spaced  (1.2  |im)  Au  or  Pt 
microelectrodes  (~2  urn  wide  x  50  |lm  long  x  0 . 1  nm  high)  coated  with 
cathodically  grown  films  of  Ni (OH) 2  are  reported.  Electrical 
connection  of  microelectrodes  by  Ni(OH)2  was  verified  by  cyclic 
voltammetry.  The  ratio  of  anodic  charge  to  cathodic  charge  in  cyclic 
voltammograms  for  the  Ni  (OH)  2f=*NiO  (OH)  interconversion  exceeds  one. 
However,  it  is  shown  that  excess  charge  in  the  anodic  cyclic 
voltammetric  wave  for  oxidation  of  Ni  (OH) 2  does  not  affect  the 
conductivity  of  Ni (OH) 2  films.  The  steady  state  resistance  of  Ni (OH) 
connecting  two  microelectrodes  has  been  measured  as  a  function  of 
potential  from  0  V  to  0.7  V  vs.  SCE,  and  was  typically  found  to  vary 
from  ~107  to  ~104  ohms.  The  measured  resistance  corresponds  to  a 
resistivity  of  approximately  30  ohm-cm  in  the  oxidized  state.  The 
decrease  in  resistance  is  caused  by  electrochemical  oxidation  of 
insulating  Ni (OH) 2  to  "conducting”  NiO(OH).  At  fixed  drain  voltage, 
VD,  the  gate  current,  IG,  and  the  drain  current,  ID,  can  be  measured 
simultaneously  as  the  gate  voltage,  VG,  is  varied  at  a  given 
frequency.  The  frequency  response  is  limited  by  the  slow 
electrochemistry  of  Ni (OH) 2  films.  At  a  frequency  of  3.8  x  lO-^  Hz, 
Ni (OH) 2_based  microelectrochemical  transistors  can  amplify  electrical 
power  by  a  factor  of  20.  The  temperature  dependence  of  ID  indicates 
an  activation  energy  for  conductivity  in  NiO(OH)  of  23  ±  2  kJ/mol  at 
VG  =  0.45  V  vs.  SCE.  A  pair  of  microelectrodes  connected  by  Ni (OH) 2 
functions  as  a  pH-sensitive  microelectrochemical  transistor,  because 
there  is  a  pH  dependence  in  the  potential  associated  with  the 
oxidation  of  Ni(OH)2-  The  pH  dependence  of  the  transistor  behavior  1 
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illustrated  under  dynamic  and  steady  state  conditions;  as  the  pH  of  a 
basic  solution  is  increased,  VG  for  device  turn  on  moves  negative,  in 
accord  with  the  known  pH  dependence  of  the  redox  chemistry  of  Ni(0H)2- 
Detection  of  a  change  in  pH  from  12  to  13  in  a  flo*  .ng  stream  was 
demonstrated  using  Ni (OH) o-based  microelectrochemical  transistors. 


W 


In  this  article  we  report  the  properties  of  pH-sensitive  Ni (OH) 2~ 
based  microelectrochemical  transistors,  prepared  by  cathodic 
electrochemical  deposition  of  Ni (OH) 2  onto  Au  or  Pt  microelectrode 
arrays.  The  oxidation  of  Ni(0H)2/  usually  written  as  in  equation  (1), 

Ni (OH) 2  —  '  - *  NiO (OH)  +  H+  +  e'  (1) 

has  been  of  great  interest  to  electrochemists  since  the  turn  of  the 
century,  when  Edison  patented  the  use  of  Ni (OH) 2  as  the  anode  in 
alkaline  electrochemical  storage  cells.  Since  then,  a  tremendous 
amount  of  research  has  been  devoted  to  understanding  this  complex 
reaction. 1'*  There  are  several  methods  of  preparation  of 
electroactive  Ni (OH) 2  films,  including  direct  growth  from  Ni  metal 
electrodes-^  and  electrodeposition  onto  conducting  substrates  by  a 
variety  of  cathodic4  or  anodic^  techniques.  In  addition  to  being  an 
important  battery  electrode,  Ni(0H>2  is  an  electrochromic  material, 
becoming  colored  upon  electrochemical  oxidation.6  Like  other 
electrochromic  transition  metal  oxides,7  coloration  of  Ni (OH) 2  is 
accompanied  by  a  significant  increase  in  conductivity.  This  change  in 
conductivity,  coupled  with  the  pH  dependence  of  the  electrochemical 
potential  where  oxidation  to  the  conducting  state  occurs,  and  the 
ability  to  derivatize  Ni  (OH)  2  on  closely  spaced  (1.2  |im) 
microelectrodes,  together  provide  the  basis  for  a  pH~dependent 
microelectrochemical  transistor.  In  principle,  any  of  the  proton- 
dependent  electrochromic  transition  metal  oxides,  such  as  WO3,7'6 
Nb2C>5,7'9  Ir02/7'^  MoOj,7'^  or  Rh02r7'^  that  can  be  derivatized 
onto  closely  spaced  microelectrodes  should  exhibit  pH-dependent 


transistor-like  behavior.  A  study  of  pH-sensitive  WC^-based 
microelectrochemical  transistors,  prepared  by  rf  plasma  deposition  of 
polycrystalline  WO3  onto  microelectrode  arrays,  has  been  completed.33 

Closely  spaced  (1.2  Jim)  Pt  or  Au  microelectrodes  (~2  |^m  wide  x 
-50  |lm  long  x  -0.1  Jim  high)  are  useful  to  the  study  of  the 
conductivity  of  transition  metal  oxides  like  Ni(OH)2  and  WO3, 13  whose 
conductivities  are  low  compared  to  metals.  They  have  also  been  useful 
in  the  study  of  conducting,  electroactive  organic  polymers  that  can  be 
derivatized  onto  Pt  or  Au.  Polypyrrole, 34  polyaniline, 13  and  poly (3- 
methylthiophene) 3^  all  undergo  conductivity  changes  accompanying 
electrochemical  redox  reactions  of  the  polymers.  Thus, 
microelectrochemical  transistors  based  on  conducting  organic  polymer- 
connected  microelectrodes  have  already  been  demonstrated. 34-38 
Derivatized  microelectrode  arrays  have  been  also  been  useful  in  the 
demonstration  of  molecule-based  diodes.37,18 

Scheme  I  illustrates  the  operation  of  a  microelectrochemical 
transistor  based  on  conductivity  modulation  of  Ni(OH)2.  The  extent  of 


oxidation  (and  thus  the  extent  of  conductivity)  is  controlled  by  the 
gate  potential,  VG.  The  current  associated  with  the  faradaic 
processes  controlled  by  VG  is  the  gate  current,  IG.  The  current  that 
flows  between  the  microelectrodes  (when  there  is  a  potential 
difference  between  them)  as  a  result  of  the  enhanced  conductivity  of 
the  oxidized  Ni (OH) 2  film  is  termed  the  drain  current,  ID.  The 
potential  difference  maintained  between  the  microelectrodes  is  the 
drain  voltage,  VD.  When  VG  equals  VG3,  Ni(OH)2  is  reduced  (and 
insulating) ,  and  there  is  no  current  flowing  in  the  drain  circuit,  ID 
=  0.  When  Ni (OH) 2  is  oxidized  according  to  equation  (1)  by  moving  vG 
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Scheme  I .  A  Ni (OH) 2_based  transistor  that  turns  on  (ID  >  0)  when  VG  is 
moved  from  VG*  where  Ni(OH)2  is  reduced  and  insulating  to  VG*  where 
Ni (OH) 2  is  oxidized  and  conducting.  The  Ni (OH) 2“based  device  can  also 
be  turned  on  and  off  by  varying  the  pH  at  fixed  VG. 
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to  Vq‘/  the  oxide  is  conducting,  and  for  a  finite  VD,  there  is  current 


in  the  drain  circuit,  ID  >  0.  The  microelectrochemical  transistors 


resemble  solid  state  transistors,19  but  a  key  difference  is  that  in 


solid  state  device  Ig  is  simply  a  capacitative  current,  rather  than  a 


faradaic  current  associated  with  actual  electrochemistry. 


An  important  consequence  of  the  faradaic  processes  occurring  in 


microelectrochemical  transistors  is  that  factors  which  affect  the 


redox  chemistry  can  also  affect  ID.  The  redox  potential  of  Ni  (OH) 2  is 
pH-dependent,  and  therefore  Iq  is  pH-dependent ,  as  illustrated  in 


Scheme  I.  For  a  fixed  Vg  (near  the  redox  potential  of  Ni(OH)2>  and 
fixed  VD,  a  change  in  pH  changes  the  ratio  of  NiO(OH)  to  Ni(OH>2/ 


causing  a  change  in  ID.  Ni  (OH) 2~based  microelectrochemical 


transistors  can  thus  function  as  pH  sensors  in  strongly  basic 


solutions,  where  the  oxide  is  very  durable.  Several  pH-sensitive 


microelectrochemical  transistors  have  recently  been  described. 


including  those  based  on  W03,13  on  platinized  poly  (3- 
methylthiophene) , 21  on  ferrocyanide-loaded,  protonated  poly  (4- 
vinylpyridine) , 22  and  on  a  viologen/quinone-based  polymer.22  One 


important  difference  between  Ni (OH) 2  and  the  other  active  materials  in 
pH-sensitive  transistors  is  that  Ni(OH>2  is  especially  rugged  at  pH 


14,  where  none  of  the  other  materials  can  be  employed,  but  it  is 


unstable  in  acidic  media,  where  the  other  devices  operate. 


*  A  •  ■*  A* 


Preparation  of  SnC>2  Electrodes.  F-doped  SnC>2  and  In-doped  Sn02(IT0), 
used  for  optical  measurements,  were  obtained  from  commercial  sources. 
The  optical  transmittance  of  F-doped  SnC>2  was  about  80%  in  the  visible 
region.  Transmittance  spectra  showed  modulations  due  to  optical 
interference  from  the  SnC>2  film.  The  sheet  resistivity  of  F-doped 
SnC>2  was  14  £2/square  as  determined  by  four  point  probe  measurements. 
F-doped  SnC>2  electrodes  were  cleaned  electrochemically  prior  to 
Ni  (OH) 2  deposition  by  passing  anodic,  cathodic,  and  then  anodic 
current  at  1  mA/cm^  for  30  seconds  each  in  5  M  KOH,  and  In-doped  Sn02 
was  cleaned  by  successive  sonication  in  H2O,  isopropanol,  and  hexane. 
Preparation  of  Microelectrode  Arrays.  The  microelectrodes  used  in 
these  experiments  were  of  a  design  previously  described.14-1^  Each 
chip  consists  of  an  array  of  eight  parallel  Au  or  Pt  microelectrodes 
on  an  insulating  layer  of  S^N^,  surrounded  by  macroscopic  contact 
pads.  The  microelectrodes  are  50  |lm  long,  2.4  ^m  wide,  and  0.1  )im 
thick,  and  are  separated  by  1.2  (im.  In  some  cases,  an  additional 
layer  of  Si3N4  was  deposited  to  insulate  the  entire  device  except  for 
the  actual  eight  wire  array  and  the  contact  pads.  When  Sig^  was  not 
used,  the  devices  were  insulated  using  epoxy.  The  packaged 
microelectrode  assemblies  were  then  cleaned  with  an  rf  O2  plasma  etch 
(150  W)  for  5-8  minutes  to  remove  any  residual  photoresist  or  epoxy 
from  the  microelectrodes.  The  microelectrodes  were  then  cycled 
individually  at  200  mV/s  4  or  5  times  each  from  -1.6  to  -2.1  V  vs.  SCZ 
in  a  0.05  M  pH  7  phosphate  buffer.  Hydrogen  evolution  at  the  negative 
potential  limit  further  cleans  the  microelectrodes  and  ensures 
reproducible  electrochemical  behavior.  The  microelectrodes  were  then 


tested  by  examining  their  behavior  in  an  0.2  M  LiCl  solution 
containing  5  mM  Ru(NH3)g2+.  A  well-defined  current -voltage  curve  at 
50  mV/s  for  the  reduction  of  Ru(NH3)g2  +  is  characteristic  of  a  "good” 
microelectrode . ^ 

Reagents .  NaOH,  KOH,  LiOH,  CsOH,  NaN03,  KN03,  KH2P04,  K2HP04,  Na2C03, 
NaHC03,  and  LiCl  were  used  as  obtained  from  commercial  sources. 
Ru(NH3)gCl3  and  Ni (NO3) 2  (99.99%)  were  used  as  obtained  from  Alfa. 

High  purity  isopropanol  and  hexane  were  used.  The  H20  used  for  all 
experiments  was  Omnisolv  HPLC  grade.  Unless  stated  otherwise,  all 
basic  solutions  contained  KOH  as  the  base.  None  of  the  solutions  were 
degassed. 

Deposition  of  Ni (OH) 2  onto  SnQ2  and  Microelectrode  Arrays.  Sn02 
electrodes  for  transmittance  experiments  were  derivatized  with  Ni (OH) 2 
using  a  literature  technique  that  was  optimized.43  The  electrodes 
were  immersed  in  0.01  M  Ni(N03)2  and  cathodic  galvanostatic  deposition 
was  performed  at  0.04  mA/cm2  for  8  minutes  to  obtain  the  desired 
thickness.  Adherent  films  of  Ni (OH) 2  were  produced.  The  potential  of 
the  working  electrode  was  found  to  be  approximately  -0.7  to  -0.8  V  vs. 
SCE  during  the  deposition.  The  thickness  of  an  8  minute  deposition 
film  was  measured  to  be  approximately  0.1  |lm. 

The  current  densities  used  for  galvanostatic  deposition  of 
Ni(OH)2  on  Sn02  were  too  low  to  control  with  accuracy  on 
microelectrode  arrays;  for  this  reason,  deposition  on  microelectrodes 
was  performed  using  potent iostatic  control.  Adherent  films  were 
obtained  by  holding  the  potential  of  the  microelectrodes  between  -0.75 


and  -0.80  V  vs.  SCE  for  60-100  s  in  aqueous  solutions  containing 
either  0.01  M  Ni(N03)2,  0.1  M  Ni(N03)2,  0.1  M  Ni(NO3)2/0.1  M  KNO3,  or 


0.05  M  Ni (NO3) 2/O . 05  M  Na(N03>.  After  an  initial  spike,  the  cathodic 
current  decreased  during  the  deposition,  indicative  of  formation  of  an 
insulating  film  of  Ni (OH) 2  on  the  microelectrodes.  Ni(OH>2  could  be 
deposited  selectively  onto  individual  microelectrodes  by  holding 
adjacent  electrodes,  onto  which  Ni(OH)2  is  not  deposited,  between  0.2 
V  and  0.3  V  vs.  SCE.  When  there  was  no  decrease  in  the  current  during 
the  deposition,  the  electrochemistry  of  the  resulting  films  was  "poor" 
in  that  well  formed  cyclic  voltammograms  for  the  Ni (OH) 2*=*  NiO  (OH) 
interconversion  could  not  be  detected.  In  some  cases,  the  deposition 
procedure  was  performed  twice  before  electrochemistry  of  Ni (OH) 2  was 
observed.  It  has  been  observed  that  properties  of  Ni (OH) 2  electrodes 
are  critically  dependent  upon  deposition  conditions.2-6  The 
conditions  used  here  for  microelectrodes  typically  produce  films  of 
Ni (OH) 2  approximately  0. 5-1.0  ^m  thick.  Sn02  electrodes  used  for 
optical  measurements  could  also  be  derivatized  in  this  manner. 

The  electrochemical  properties  of  films  prepared  using  different 
electrolyte  solutions  do  not  vary  significantly.  With  0.01  M  Ni(NOg)2 
as  the  electrolyte,  films  of  Ni  (OH) 2  containing  both  a  and  P  phases 
are  occasionally  formed. 2^  in  such  cases  the  waves  collapse  to  a 
single  peak  after  repeated  cycling.  Judging  from  the  location  of  the 
redox  wave,  the  a  phase  is  ultimately  formed.  The  best  films  are 
obtained  when  KNO3  or  NaN03  is  added  to  the  electrolyte;  sharp  single 
peaks  are  observed  for  both  oxidation  and  reduction  of  the  Ni (OH) 2 
films  obtained  in  such  cases. 

The  derivatized  microelectrodes  were  rinsed  in  triply  distilled 
H2O  or  pH  12  C032-/C03H“  buffer,  and  characterized  electrochemically 


in  1  M  KOH. 


Equipment .  In  situ  transmittance  measurements  were  obtained  with  a 
Bausch  and  Lomb  Spectronic  2000  spectrophotometer.  The 
spectroelectrochemical  cell  was  fashioned  from  a  standard  polystyrene 
cuvette  with  a  1  cm  path  length.  Time-dependent  transmittance  at  500 
nm  was  measured  using  a  single  beam  spectrophotometer  with  components 
from  Photon  Technology  International,  Inc.  and  included  a  Model  HH150 
high  efficiency  arc  lamp  source  with  a  150  W  xenon  lamp  (Osram)  and 
water  filter,  monochromator,  sample  compartment  and  photomultiplier 
unit  with  a  1P28  photomultiplier  tube  (RCA) .  Switching  measurements 
were  recorded  on  a  Busch  Mark  200  strip  chart  recorder.  Time- 
dependent  optical  absorbance  at  500  nm  was  measured  using  a  Hewlett- 
Packard  8451A  rapid  scan  spectrometer.  Electrochemical 
instrumentation  consisted  of  Pine  Instruments  RDE  4  Bipotentiostats 
with  Kipp  and  Zonen  BD  91  X-Y-Y'-T  recorders  for  microelectrode 
experiments,  and  PAR  Model  173/175  or  Model  273 

Potentiostat/Programmers  with  a  Houston  Instruments  Model  2000  X-Y 
recorder  for  SnC>2  experiments.  Thickness  measurements  were  made  using 
a  Tencor  Instruments  surface  profiler.  Flowing  streams  were  produced 
and  delivered  to  microelectrodes  using  the  pumps  of  a  Hewlett-Packard 
Model  1084-B  liquid  chromatograph.  Optical  micrographs  of  derivacizec 
microelectrodes  were  obtained  with  a  Polaroid  camera  mounted  on  a 
Bausch  and  Lomb  MicroZoom  optical  microscope. 


yv 


Ni (OH) 2  cathodically  deposited  onto  conducting,  optically  transparent 
F-doped  Sn02  were  characterized  by  cyclic  voltammetry  and  optical 
measurements  in  1  M  KOH.  The  films  were  prepared  by  galvanostat ic 
deposition  from  solutions  of  0.01  M  Ni(N03>2-  The  relationship 
between  the  cyclic  voltammetry  and  optical  transmittance  of  these 
films  is  shown  in  Figure  1,  where  the  relative  transmittance  at  500  nm 
(photomultiplier  tube  output)  is  shown  along  with  the  cyclic 
voltammogram  obtained  at  10  mV/s.  The  inset  to  Figure  1  shows  the 
optical  spectrum  of  another  Ni (OH) 2_coated  Sn02  electrode  plotted  as  % 
transmittance  in  the  fully  reduced  and  fully  oxidized  states.  As  the 
potential  is  moved  positive,  oxidation  of  Ni (OH) 2  to  the  highly 
colored  NiO(OH)  commences,  and  the  relative  transmittance  declines 
smoothly.  The  data  indicate  that  coloration  in  the  visible  is 
essentially  complete  before  all  the  charge  has  been  withdrawn.  A 
similar  phenomenon  has  been  observed  for  electrochromic  WO3  films25 
which  become  colored  upon  reduction  to  its  ultimate  extent  at  less 
than  full  reduction.  Upon  scan  reversal,  the  increase  in 
transmittance  is  displaced  negatively,  relative  to  the  decrease  found 
on  the  forward  scan,  in  correlation  with  the  separation  between  the 
location  of  the  anodic  and  cathodic  current  peaks. 

The  cyclic  voltammogram  for  the  chemically  reversible  oxidation 
of  Ni(OH)2  shown  in  Figure  1  has  an  interesting  shape  in  two  respects. 
First,  the  ratio  of  the  anodic  to  cathodic  charge  passed  on  a  single 


13 


1 


sweep  slightly  exceeds  one.  The  origin  of  this  phenomenon  has  recently 
been  investigated  in  detail,  and  the  results  of  this  study  suggest 
that  the  excess  charge  on  oxidation  is  due  to  oxidation  of  OH”  in  the 
Ni (OH) 2  lattice. ^  The  amount  of  OH-  incorporated  in  the  film  can 
exceed  two  per  Ni(0H)2,  meaning  that  the  ratio  of  anodic  charge  to 
cathodic  charge  can  exceed  3:1.2^  At  the  positive  limit  there  is  a 
small  steady  state  oxidation  current  corresponding  to  the  evolution  of 
02-  The  second  feature  of  interest  in  the  cyclic  voltammogram  is  that 
the  anodic  and  cathodic  current  peak  potentials  are  separated  by  over 
100  mV.  This  is  typically  observed  for  Ni (OH) 2  films,  regardless  of 
their  method  of  preparation,  and  is  attributed  to  structural 
rearrangements  required  for  NiO(OH)  reduction . The  importance  of 
the  data  in  Figure  1  is  that  the  cathodically  deposited  Ni(0H>2  films 
behave  in  a  manner  consistent  with  Ni (OH) 2  films  studied  for  their 
electrochromic6  and  battery  applications, 1-5  judging  from  their 
optical  properties  and  cyclic  voltammetry.  Thin  films  of  Ni (OH) 2 
grown  on  Sn02  by  controlled  potential  cathodic  deposition  have 
properties  very  similar  to  those  grown  by  the  galvanostatic  technique: 
a  displacement  is  observed  in  the  decoloration  of  the  film 
corresponding  to  the  location  of  the  cathodic  wave  of  the  cyclic 
voltammogram;  the  ratio  of  anodic  charge  to  cathodic  charge  in  the 
voltammogram  is  about  2.5:1. 

We  have  characterized  the  cyclic  voltammetry  and  observed  the 
electrochromic  properties  of  Ni (OH) 2  films  on  microelectrode  arrays 
prepared  by  controlled-potential  cathodic  deposition.  Consistent  with 
results  obtained  on  Sn02  electrodes,  electrochemical  oxidation  of  the 
Ni (OH) 2~coated  microelectrode  arrays  results  in  coloration  of  the 
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films,  as  viewed  and  photographed  under  an  optical  microscope.  The 
cyclic  voltammetry,  at  several  scan  rates,  of  adjacent  Au 
microelectrodes  derivatized  with  Ni (OH) 2  is  shown  in  Figure  2,  for  a 
typical  controlled-potential  deposition.  For  each  of  the  scan  rates, 
the  area  of  the  cyclic  voltammogram  of  both  electrodes  driven  together 
is  essentially  the  same  as  those  of  the  individual  electrodes.  This 
indicates  that  there  is  an  electrical  connection  between  the 
microelectrodes  via  Ni (OH) 2 •  if  there  were  no  connection,  the  area  of 
the  cyclic  voltammogram  of  the  two  adjacent  microelectrodes  driven 
together  would  be  the  sum  of  the  individual  voltammograms .  The  cyclic 
voltammograms  in  Figure  2  do  show  some  differences,  perhaps  indicative 
of  sluggish  charge  transport  through  the  oxide  film  at  the  scan  rates 
employed,  relative  to  conducting  organic  polymers  derivatized  onto 
closely  spaced  microelectrodes.14-16  Another  possibility  is  that  slow 
proton  diffusion  might  limit  the  quantity  of  electroactive  material 
accessible  to  a  microelectrode  on  the  timescale  of  these 
experiments.27  At  very  slow  scan  rates,  all  Ni (OH) 2  accessible  to  one 
microelectrode  is  accessible  to  an  adjacent  Ni (OH) 2-connected 
microelectrode . 

An  important  property  of  microelectrode-based  transistors  is  the 
resistance,  as  a  function  of  Vq,  between  two  microelectrodes  connected 
by  a  redox  active  material.  In  Figure  3,  these  data  are  illustrated 
for  Ni (OH) 2-connected  microelectrodes  at  pH  14.  Like  previously 
characterized  microelectrochemical  devices,1-^-16  the  change  in 
resistance  of  Ni (OH) 2  is  associated  with  injection  or  withdrawal  of 
charge  in  an  electrochemical  redox  process.  Measurement  of  the 
resistance  entails  bringing  adjacent,  Ni (OH) 2-connected  electrodes  to 


a  given  VG,  waiting  until  redox  equilibrium  is  established,  and  slowly 
scanning  the  potential  of  one  microelectrode  by  a  small  amount  around 
VG,  while  holding  the  adjacent  microelectrode  at  VG.  With  Ni (OH) 2- 
connected  microelectrodes,  measurements  were  made  3-5  minutes  after 
moving  to  a  new  VG.  Changes  in  resistance  are  observed  by  varying  VG 
through  the  region  where  redox  processes  occur.  The  current  passing 
between  the  electrodes  was  measured  and  related  to  the  resistance  by 
Ohm's  law.  Since  the  oxidation  wave  for  Ni (OH) 2  is  particularly 
sharp,  it  is  important  that  the  potential  difference  (VD)  developed  by 
scanning  one  microelectrode  is  small  enough  not  to  seriously  affect 
the  ratio  of  oxidized  to  reduced  material.  Thus,  typical  VD 
excursions  were  ±  3-5  mV. 

The  data  in  Figure  3  show  that  the  resistance  of  Ni (OH) 2- 
connected  microelectrodes  varies  by  three  orders  of  magnitude,  from 
~107  ohms  to  ~104  ohms,  as  VG  is  varied  from  0.0  to  0.7  V  vs.  SCE . 
These  data  were  collected  starting  at  0  V  vs.  SCE  and  moving  positive; 
some  hysteresis  is  observed  when  measurements  are  initiated  from  0.7 
V,  in  accord  with  the  separation  of  the  oxidation  and  reduction  waves 
for  the  Ni(OH)2  film.  The  measured  resistance  of  different  samples 
may  vary  from  the  data  in  Figure  3  by  up  to  an  order  of  magnitude,  but 
the  change  in  resistance  for  a  particular  sample  never  varies  by  more 
than  four  orders  of  magnitude.  The  resistance  of  Ni (OH) 2-connected 
microelectrodes  in  the  oxidized,  conducting  state  is  much  higher  than 
for  reduced  W031^  or  oxidized  conducting  organic  polymers14*16 
derivatized  on  microelectrodes.  In  the  insulating  state,  the 
resistance,  as  for  W03,1^  is  lower  than  for  the  conducting  organic 
polymers.14-16  The  low  resistance  of  this  semiconducting  oxide  in  the 


"insulating"  state  may  be  a  consequence  of  the  high  concentration  of 
doping  impurities  in  solution. 

A  manifestation  of  the  sharpness  of  the  oxidation  wave  for 
Ni(0H)2/  compared  to  other  redox  active  conducting  materials,  is  the 
slope  of  the  resistance-VG  plot  in  Figure  3.  Nearly  the  entire  three 
order  of  magnitude  change  in  resistance  occurs  between  VG  =  0.3  and 
0.4  V  vs.  SCE,  the  sharpest  change  in  resistance  found  to  date  for  any 
conducting  material  derivatized  onto  microelectrodes.  The  resistance 
of  Ni (OH) 2_connected  microelectrodes  per  se  is  not  an  especially 
meaningful  parameter,  since  it  can  only  be  referenced  to  the 
resistance  of  other  redox  active  electronic  conductors  derivatized  on 
closely  spaced  microelectrodes  of  the  same  geometry.  Unlike  the 
resistance,  R,  the  resistivity,  p,  defined  in  equation  (2) ,  is  a 
characteristic  property  of  a  material. 

R  *  p  (1/A)  (2) 

In  equation  (2),  1  is  the  length  of  a  uniform  conductor,  and  A  is  its 
cross  sectional  area.  Assuming  complete  uniformity  of  oxidized 
Ni(OH>2  films,  an  approximate  calculation  of  the  resistivity  can  be 
made  using  the  well-defined  microelectrode  geometry.  For  typical 
Ni  (OH)  2~based  devices,  the  50  pm  long  microelectrodes  are  covered  wit!- 
a  0. 5-1.0  pm  thick  film.  The  length  is  taken  to  be  the  1.2  pm  spacinc 
between  microelectrodes.  Calculations  reveal  that  in  the  conducting 
state,  the  resistivity  of  cathodically  deposited  Ni (OH) 2  is  20-40  Q- 
cm.  This  value  is  five  or  six  orders  of  magnitude  higher  than  for 
elemental  metals,  and  about  equal  to  the  resistivity  of  highly  doped 


single  crystal  semiconductors.  The  sample  to  sample  variability  in 
resistance  is  probably  a  result  of  differences  in  film  thickness 
rather  than  in  resistivity.  While  the  resistivity  of  Ni(0H)2  may  be 
high  for  a  "conducting"  material,  it  is  the  potential  dependence  of 
the  resistivity  that  leads  to  interesting  consequences. 


been  established  that  materials  that  undergo  large  changes  in 
resistance  can  exhibit  transistor-like  behavior  when  derivatized  on 
closely  spaced  microelectrode  arrays . i3-16, 20-23  We  have 
characterized  the  transistor  properties  of  Ni (OH) 2~connected 
microelectrodes,  and  as  expected  from  the  relatively  slow  charge 
transport  and  the  relatively  high  resistance  of  the  conducting  state, 
the  response  times  and  amplification  properties  of  the  films  are  not 
comparable  to  those  of  conducting  materials  such  as  poly  (3- 
methyl) thiophene  and  polyaniline,  that  can  amplify  power  at 
frequencies  approacning  1  kHz.28  Nevertheless,  the  Ni (OH) 2~based 
devices  function  at  high  pH,  a  regime  where  none  of  the  other 
conducting  materials  on  microelectrodes  characterized  to  date  are 
durable . 

Scheme  I  shows  that  when  Vq  is  moved  from  Vq^,  where  Ni (OH) 2  is 
reduced,  to  Vq2,  where  Ni (OH) 2  is  oxidized,  and  there  is  a  potential 
difference  (Vq)  between  two  adjacent  microelectrodes,  Iq  can  be 
expected  to  go  from  zero  to  a  finite  value  that  depends  on  the 
magnitude  of  VD.  Figure  4  shows  ID  versus  time  when  a  Ni  (OH) 2_based 
transistor  is  stepped  from  a  Vq  of  0.1  to  0.45  V  vs.  SCE  and  back. 
With  Vq  =  100  mV,  Iq  shifts  reproducibly  from  zero  at  Vq  =  0.1  V  vs. 
SCE  to  150  |iA  at  Vq  =  0.45  V  vs.  SCE.  The  limiting  ID  for  the  100  mV 


a 
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Vp  implies  a  resistance  of  approximately  6  X  10^  ohms  at  0.45  V  vs. 


SCE,  meaning  that  this  device  is  more  resistive  than  the  one 


characterized  in  Figure  3.  The  device  takes  approximately  20  seconds 


to  achieve  a  steady  state  ID  with  a  100  mV  VD  but  achieves  >80  %  of 


its  maximum  ID  in  <2  s.  The  current  spikes  upon  scan  reversal  are 


indicative  of  the  charging  current  necessary  to  turn  the  device  on  and 


off.  While  the  magnitude  of  Iq  is  limited  at  fixed  VD  by  the 
resistance  and  therefore,  VG,  the  rate  at  which  a  particular  ID  is 


attained  is  determined  by  rate  of  faradaic  processes  in  the  gate 


circuit.  Electron  motion  within  the  oxide  is  not  thought  to  be 


limiting  in  the  electrochemistry  of  Ni(0H>2  films.  Rather,  slow 


diffusion  of  protons  in  and  out  of  the  films  limits  the  rate  of  charge 
transport.27  The  proton  diffusion  coefficient,  DH,  during  oxidation 
and  reduction  has  been  found  to  be  3.1  x  10-10  cm2/s  and  4.6  x  10-11 


cm2/s,  respectively.27  Surprisingly,  upon  stepping  to  0.1  V  vs.  SCE, 


ID  returns  to  zero  in  less  than  2  seconds,  although  DH  for  reduction 


is  smaller  than  for  oxidation.  However,  charging  and  discharging  are 


not  symmetric  processes,  and  this  behavior  has  been  noted  with  other 


oxides.  For  example,  reduction  of  WO3  films  is  faster  than  oxidation 
of  HxWC>3.25  We  have  obtained  reproducible  ID-  VG  characteristics 


during  the  course  of  the  characterization,  a  period  of  about  one  hour. 


Evidence  that  Ni (OH) 2_based  microelectrochemical  transistors 


function  as  electrical  power  amplifiers  is  illustrated  in  Figure  5, 


which  shows  the  magnitudes  and  relationships  of  VG,  IG,  and  ID,  for  a 


slow  triangular  potential  variation  between  0  V  and  0.45  V  vs.  SCE. 


In  these  experiments,  three  adjacent,  Ni (OH) 2-connected 


microelectrodes  are  used;  IG  is  recorded  for  the  center 
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microelectrode,  while  ID  is  recorded  for  a  separate  circuit  between 


the  outer  "source"  and  "drain"  microelectrodes.  While  these 


relationships  are  best  understood  with  respect  to  a  sinusoidally 


varying  VG,  they  can  be  interpreted  with  a  triangular  VG  as  well.  In 
principle,  IG  and  ID  should  equal  zero  at  VG  =  0  V  vs .  SCE  because 
Ni (OH) 2  is  reduced  and  insulating  at  this  VG.  As  VG  is  scanned 
positive,  anodic  IG  is  observed  until  all  the  material  in  the  gate 
region  has  been  oxidized.  When  VG  reaches  its  upper  limit,  IG  should 


once  again  be  zero.  Upon  scan  reversal,  the  reverse  electrochemical 


process  is  a  reduction.  ID  should  equal  zero  until  enough  charge  is 
withdrawn  from  Ni (OH) 2  in  the  gate  circuit  to  turn  on  the  device,  and 


should  return  to  zero  when  sufficient  charge  is  injected  to  turn  off 


the  device.  The  data  in  Figure  5,  for  a  VG  frequency  of  3.8  x  10“^ 


Hz,  nearly  obeys  the  relationships  outlined  above.  The  integrated  I, 


is  greater  for  oxidation  than  for  reduction,  due  to  the  oxidation  of 


excess  OH  in  the  lattice,  and  this  may  contribute  to  the  non-ideal 


relationship  between  IG  and  VG.  ID  behaves  as  expected  at  this  3.8  x 
10“2  Hz,  following  the  variation  in  VG  in  a  manner  consistent  with 


data  in  Figure  3.  It  is  important  to  note  that  IG  does  not  go  to  zero 


if  VG  is  held  at  the  positive  limit,  because  OH-  is  oxidized.  In  all 
other  microelectrochemical  transistors  13-17,20  does  become 


negligible  under  such  conditions. 


The  average  power  amplification.  A,  is  given  by  equation  (3) . 


average  power  in  the  drain  circuit 


average  power  in  the  gate  circuit 


For  the  data  shown  in  Figure  5,  A  is  equal  to  2 .  In  calculating  A,  we 
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have  used  the  cathodic  portion  of  the  cyclic  voltammogram  as  an 
indication  of  Iq,  due  to  the  extra  charge  in  the  anodic  wave.  The 
maximum  amplification  we  have  observed  is  approximately  20.  This 
number  should  be  compared  to  power  amplification  (at  low  frequency, <1 
Hz)  of  approximately  10^  for  devices  from  poly (3-methylthiophene)  and 
polyaniline,2®  and  about  200  for  W03-based  transistors.13  In  theory, 
at  the  same  frequency  and  surface  coverage,  differences  between 
microelectrochemical  transistors  in  the  ability  to  amplify  electrical 
power  depend  on  the  maximum  conductivity  of  the  materials  used  to 
connect  adjacent  microelectrodes.  The  observed  amplification 
properties  for  devices  prepared  from  Ni(OH)2,  W03,  and  the  conducting 
organic  polymers  accurately  reflect  the  relative  maximum 
conductivities  of  the  materials.  Power  amplification  is  frequency- 
dependent  in  that  IG  increases  with  scan  rate.  Furthermore,  at 
sufficiently  high  frequencies,  limitations  in  rates  of  faradaic 
processes  preclude  complete  turn  on/turn  off.  The  data  in  Figure  5 
are  obtained  in  the  mHz  frequency  domain,  while  polyaniline-based 
microelectrochemical  transistors  can  amplify  electrical  power  at 
frequencies  approaching  1  kHz.28  The  slow  operating  speed  of  Ni  (OH) 2- 
based  microelectrochemical  transistors  is  limited  by  the  slow 
electrochemistry  of  the  Ni(OH)2  films.  At  frequencies  higher  than  ~1 
mHz,  Ni (OH) 2-based  transistors  do  not  amplify  power,  since  A  <  1. 

There  are  several  ways  to  increase  the  power  gain  and  operating 
frequencies  of  Ni (OH) 2-based  transistors.  The  most  straightforward 
approach  is  to  prepare  films  with  lower  resistance  in  the  conducting 
state.  However,  even  if  this  is  not  possible,  the  geometry  of 
Ni (OH) 2-based  microelectrochemical  transistors  can  be  modified  so  as 


to  increase  the  net  amplification.  For  instance,  the  spacing  between 
microelectrodes  can  be  closed. 2^  By  equation  (2),  we  could  expect  the 
measured  resistance  to  decrease  linearly  with  the  distance  between 
adjacent  microelectrodes,  since  the  dimension  1  is  reduced.  In 
addition,  the  volume  of  oxide  needed  to  connect  microelectrodes  would 
be  reduced  by  closing  the  gap,  which  yields  the  added  benefit  of 
reducing  the  charge  involved  in  oxidizing  Ni(0H)2-  Insulating  the 
tops  of  microelectrode  wires,  so  that  only  the  side  walls  of  the 
microelectrodes  are  exposed,  would  further  reduce  the  volume  of 
electroactive  material  needed  to  make  an  electrical  contact. 26  work 
along  these  lines  is  in  progress. 

Even  when  there  is  no  power  amplification,  useful  information  can 
be  obtained  by  simultaneously  monitoring  IG  and  ID  as  VG  is  varied. 

We  wished  to  know  to  what  extent  the  increase  in  conductivity  is 
correlated  to  charge  injection  in  Ni (OH) 2  films,  and  whether  the  extra 
anodic  charge,  Qa,  associated  with  OH"  oxidation  has  any  effect  on  the 
bulk  conductivity  of  Ni(0H>2-  Data  pertaining  to  these  issues  are 
shown  in  Figure  6,  which  shows  the  relationship  between  integrated 
cathodic  charge,  Qc,  integrated  anodic  charge,  Qa,  and  ID  for  Ni  (OH) 2_ 
based  transistors  at  pH  14,  as  a  function  of  VG.  Qc  represents  the 
charge  associated  with  the  reversible  NiO (OH) /Ni (OH) 2  redox  reaction. 
Qa  includes  Qc  plus  the  extra,  irreversible  charge  associated  with  0H“ 
oxidation.26  Because  of  the  slow  response  of  these  films,  ID 
generally  increased  with  time.  To  compensate  for  this,  scan  rates 
were  varied  with  the  potential  limits  so  that  varying  amounts  of 
charge  were  injected  and  withdrawn  in  the  same  amount  of  time.  For 
example,  potential  sweeps  from  0  V  to  0.50  V  vs.  SCE  were  performed  at 


50  mV/s,  to  0.60  V  vs.  SCE  at  60  mV/s,  etc.  Under  these  conditions, 
valid  comparisons  fo  ID,  Qc,  and  Qa  can  be  made.  The  data  plotted  in 
Figure  6  are  averages  of  several  measurements.  As  the  positive  scan 
limit  is  increased,  Qc  increases  and  levels  off;  on  the  other  hand,  Qa 
increases  monotonically .  This  data  is  collected  from  the  VG  regime 
where  oxidation  of  the  film  is  essentially  complete,  judging  from  the 
levelling  in  Qc.  ID  roughly  follows  the  shape  of  the  Qc  curve, 
indicating  correspondence  between  charge  associated  with  NiO(OH) 
reduction  and  ID.  At  0.375  V  vs.  SCE  and  lower  values  of  VG,  ID 
deviates  from  the  Qc  curve  because  of  leakage  current  in  the  drain 
circuit  at  the  scan  rates  employed.  At  values  of  VG  exceeding  0.55  V 
vs.  'SCE,  ID  and  Qc  increase  only  slightly.  In  contrast,  at  these 
potentials  very  large  increases  in  Qa  are  recorded,  due  to  bulk  O2 
evolution.  These  data  indicate  that  any  excess  Qa  passed  that  is  not 
a  result  of  the  oxidation  of  Ni (OH) 2  films  has  no  bearing  on  the 
conductivity  of  the  film.  Furthermore,  this  data  shows  that  at  values 
of  VG  where  charge  withdrawal  does  not  lead  to  increased  visible 
coloration  (Cf.  Figure  1),  it  still  leads  to  increased  conductivity. 

As  a  final  characterization  of  Ni (OH) 2~based  transistors,  we  have 
measured  the  temperature  dependence  of  ID.  The  Arrhenius  form  of  the 
temperature  dependence  of  ID  is  shown  in  equation  (4) ,  where  ID° 
represents  a  collection  of  constants,  R  is  the  gas  constant,  T  is 

ID  =  ID°  exp[-Ea/RT]  (4) 

temperature  in  degrees  Kelvin,  and  Ea  is  the  activation  energy  for 
conductivity.  Ea  should  not  depend  on  VG,  since  [NiO  (OH) ] / [Ni (OH) 2 ] 
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is  fixed  at  a  given  Vq.  Figure  7  shows  the  temperature  dependence  of 
ID  for  a  Ni (OH) 2~based  transistor  at  pH  14,  with  Vq  =  0.35  V  vs.  SCE, 
and  VD  =  0.1  V.  ID  is  plotted  on  a  logarithmic  scale  vs.  T-1  .  A 
reasonably  large  temperature  dependence  is  found;  the  energy  of 
activation  for  charge  transport  is  calculated  from  the  slope  of  the 
best-fit  line  and  found  to  be  27  i  2  kJ/mol,  at  Vq  =  0.35  V  vs.  SCE. 

It  is  possible  that  a  temperature  dependence  of  the  Ni (OH) 2  redox 
potential  could  alter  the  ratio  [NiO (OH) ] / [Ni (OH) 2 ] /  especially  at 
potentials  where  the  conductivity  is  sensitive  to  Vq.  However,  the 
temperature  dependence  of  the  redox  potential  was  found  to  be 
negligible  by  cyclic  voltammetry  in  the  temperature  range 
investigated.  Furthermore,  determination  of  Ea  for  a  different  sample 
at  Vq  =  0.45  V  vs.  SCE  and  VD  =  50  mV,  where  Ni (OH) 2  is  completely 
oxidized,  gave  a  value  of  23  ±  2  kJ/mol .  Thus,  we  are  confident  that 
the  temperature  dependence  of  ID  is  related  to  the  activation  energy 
for  conductivity.  Temperature-dependent  conductivities  have  been 
reported  in  the  dry  state  for  polyacetylene, 29  polyaniline, 3° 
polypyrrole, 31  poly <3-methylthiophene) , 32  polythiophene33  and  NiO.34 
All  of  the  systems  in  their  conducting  state,  except  NiO34,  show  a 
small  temperature  dependence  of  conductivity  compared  to  the 
NiO (OH) /Ni (OH) 2  system.  In  the  case  of  polythiophene,  for  example;  the 
activation  energy  of  conductivity  decreases,  from  77  kJ/mol  in  the 
neutral  (essentially  insulating)  state  to  3  kJ/mol  for  a  heavily  doped 
(conducting)  sample,  upon  electrochemical  doping.33  The  concept  of 
shallow  and  deep  polaron  and  bipolaron33' 33  is  used  to  explain  the 
temperature  dependence  of  conductivity  for  neutral  and  doped 
polythiophene.  At  heavy  doping  levels,  a  hole  conduction  mechanism  is 
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suggested  and  characterized  by  a  small  activation  energy. 33  The 
activation  energy  of  conductivity  found  in  the  present  study  (-25 
kJ/mol)  for  NiO (OH) /Ni (OH) 2  is  in  agreement  with  previously  reported 
values  (29-77  kJ/mol)  for  NiO  in  the  dry  state. 34  it  also  resembles 
activation  energies  (20-50  kJ/mol)  found  for  conventional  redox 
polymer  "conductors" .^2/ 36  In  N^0  and  others  3d  transition  metal 
oxides,  electrons  in  the  incomplete  3d  shell  are  thought  to  be 
localized  due  to  strong  electron-electron  correlation  and  the  carrier 
transport  is  thermally  activated  as  expected  in  hopping  conduction34 
and  in  redox  conductivity . 22/ 36 

pH  Dependence  of  Ni (OH) 2~Based  Transistors.  The  pH  dependence  of 
Ni  (OH) 2  redox  electrochemistry  is  well  documented. 37  Since  the  redox 
properties  of  Ni (OH) 2  modulate  its  conductivity,  the  resulting 
transistor  properties  are  also  pH-dependent .  The  left  side  of  Figure 
8  shows  the  cyclic  volt ammo grams  for  Ni (OH) 2~connected  microelectrodes 
at  three  different  pH's.  The  pH  dependence  is  demonstrated  by  the 
shift  in  the  redox  potential  of  the  voltammetric  wave  associated  with 
the  Ni(OH)2  oxidation.  Interestingly,  Qc  changes  with  pH  as  well, 
indicating  that  in  strongly  basic  solution  more  Ni (OH) 2  is 
elect rochemically  accessible.  This  may  be  a  consequence  of  structural 
changes  caused  by  variation  in  pH.  This  phenomenon  is  reversible  down 
to  pH  10;  at  lower  pH  electrochemical  oxidation  of  Ni (OH) 2  is  not 
observed,  probably  due  to  irreversible  degradation  of  the  film.  It  is 
also  possible  that  at  low  pH's,  Ni(OH>2  is  not  firmly  bound  to  the 
microelectrode  surface.  The  right  side  of  Figure  8  shows  vD-iD  plots 
for  Ni (OH) 2-based  transistors  for  several  vnlues  of  VG,  at  the  same  pH 
as  for  the  cyclic  voltammograms .  The  Vq  at  which  the  transistor  turns 
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on  is  signified  by  non-zero  ID  as  VD  is  scanned.  For  instance,  at  pH 
13.7,  the  device  is  off  at  VG  =  0.30  V  vs.  SCE,  and  begins  to  turn  on 
at  0.31  V  vs.  SCE.  Significantly,  the  turn-on  potential  varies  with 
the  onset  of  the  cyclic  voltammetric  wave  as  the  pH  is  varied, 
confirming  that  electrochemical  oxidation  of  Ni (OH) 2  is  responsible 
for  the  increase  in  conductivity. 

The  effect  of  pH  on  the  Ip-VG  characteristics  of  the  transistor 
(at  fixed  VD)  is  further  illustrated  by  the  data  in  Figure  9,  that 
shows  steady  state  1^  at  VD  =  50  mV  as  a  function  of  VG  for  Ni(OH)2~ 
based  microelectrochemical  transistors,  at  five  different  pH's.  As 
the  pH  is  lowered,  the  maximum  value  of  ID  steadily  decreases.  In 
addition,  the  shift  in  the  turn-on  VG  with  pH  is  illustrated.  This 
data  shows  how  a  pH-sensitive  Ni (OH) 2~based  microelectrochemcial 
transistor  might  operate:  at  fixed  VG  and  VD,  a  change  in  pH  gives 
rise  to  a  change  in  ID,  as  shown  in  Scheme  I.  It  is  important  to 
point  out  that  the  pH  regime  in  which  a  Ni (OH) 2-based  device  could 
operate  is  restricted  to  values  of  pH  where  reversible 
electrochemistry  for  Ni (OH) 2  is  obtained,  namely  pH  £  10.  However, 
none  of  the  pH-sensitive  microelectrode-based  chemical  transistors 
developed  to  date  can  operate  at  high  pH. *3, 20-23  0ne  way  to  evaluate 
the  I d~VG  characteristic  is  to  calculate  the  maximum  slope  of  the 
plots,  which  is  closely  related  to  the  "transconductance"  of  solid 
state  transistors.1^  The  maximum  slope  of  the  Iq-Vq  plot  is  6  nA/V. 
The  comparable  number  for  poly (3-methylthiophene) -based  devices  is  6 
rnA/V,  three  orders  of  magnitude  greater.  In  spite  of  the  steepness  of 
the  resistance-VG  for  Ni(OH>2,  the  higher  overall  conductivity  of 
poly (3-methylthiophene)  gives  rise  to  higher  changes  in  ID  per  unit 
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change  in  VG.  It  should  be  noted  that  the  small  maximum  slope  of  the 
ID-VG  plot  for  Ni (OH) 2-based  devices  is  not  a  hurdle  to  operation  as  a 
chemically  sensitive  transistor,  since  the  ID  output  can  always  be 
further  amplified.  Finally,  regarding  the  pH  dependence  of  the 
Ni(0H)2»  note  that  Figures  8  and  9  show  that  lower  pH's  give  higher 
resistivity.  This  higher  resistivity  correlates  with  decreased  Qa  and 
Qc  associated  with  the  Ni  (OH)  2?^  NiO  (OH)  interconversion. 

A  potential  obstacle  to  the  use  of  Ni (OH) 2“based  devices  as  pH 
sensors  is  interfering  cations.  It  is  known  that  Na+  and  Li+  can 
intercalate  into  several  electrochromic  transition  metal  oxides.7  We 
find  that  the  cyclic  voltammetry  of  Ni (OH) 2~connected  microelectrodes 
is  independent  of  the  choice  of  cation  (1  £2  Li+,  Na+  and  K+)  for  0H~ 
at  pH  14,  and  further,  there  is  no  difference  in  the  value  of  ID  for 
Ni (OH) 2~based  transistors  exposed  to  these  different  media.  There  are 
reports  of  K+  insertion  into  NiO(OH),2'3  but  we  find  no  consequence 
with  respect  to  transistor  characteristics.  It  should  be  noted  as 
well  that  we  have  found  no  evidence  at  any  pH  for  cation  interference 
in  W03~based  device, ^ 3  although  WO3  is  known  to  intercalate  Li+,  Ag+, 
and  Na+.® 

Figure  10  shows  Ip  over  time  for  a  Ni (OH) 2~based 
microelectrochemical  transistor  as  the  pH  of  a  stream  flowing  past  the 
microelectrode  array  is  reproducibly  varied  between  pH  12  and  pH  13. 
With  VG  =  0.35  V  vs.  SCE,  and  VD  =50  mV,  the  composition  of  the  stream 
flowing  at  the  rate  of  4.0  ral/min  is  changed  from  100%  pH  12  0.05  M 
Na2S04  to  100%  pH  13  0.05  M  Na2S04.  Ip  changes  from  ~1  )1A  at  pH  12  to 
~3.5  )1A  at  pH  13.  The  change  in  pH,  accomplished  by  switching  solvent 
pumps  of  an  HPLC,  takes  approximately  one  minute  at  this  flow  rate. 
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The  response  time  of  the  device  is  fast  enough  to  follow  the  pH 
variation.  There  is  a  small,  but  noticeable,  drift  in  Ip  at  pH  12, 
indicating  that  the  device  is  not  turning  off  fully.  In  fact,  from 
the  data  in  Figure  10,  one  might  expect  to  see  ID  =  0  at  pH  12  under 
these  conditions.  However,  for  this  device,  the  long  term  steady 
state  value  for  ID  is  -1  )iA,  measured  by  maintaining  a  pH  12  stream 
indefinitely.  At  this  pH,  when  Vq  is  moved  to  0.30  V  vs.  SCE,  ID  *  0 . 
At  pH  13,  with  Vq  =  0.30  V  vs.  SCE,  Iq  »  3  |lA.  For  this  particular 
device,  the  Id-Vq  curves  of  Figure  10  are  displaced  to  slightly  lower 
potentials.  The  response  was  reproducible  through  the  course  of  the  6 
h  experiment.  The  cyclic  voltammetry  of  the  Ni (OH) 2~derivatized 
microelectrodes  the  following  day  was  identical  to  that  recorded  prior 
to  the  experiment.  At  high  pH,  Ni (OH) 2~based  transistors  are  quite 
rugged.  The  long  term  durability  of  Ni (OH) 2  in  basic  solution  is  one 
reason  for  its  utility  as  a  rechargeable  battery  material.1-5  The 
important  point  from  the  data  in  Figure  10  is  that  Ni (OH) 2~based 
transistors  can  reproducibly  sense  small  changes  in  pH  and  can  give 
fairly  reproducible  response  under  actual  operating  conditions.  The 
sharpness  of  the  redox  wave  which  modulates  Ni  (OH) 2  conductivity, 
illustrated  by  the  data  in  Figures  2  and  3,  indicates  that  it  might  be 
possible  to  sense  much  smaller  changes  in  pH  in  basic  solutions. 
CONCLUSIONS 

The  operation  of  pH-sensitive  microelectrochemical  transistors 
based  on  cathodically  deposited  Ni(OH>2  has  been  demonstrated.  The 
Ni(OH)2  on  microelectrodes  behaves  in  a  similar  manner  to  Ni (OH) 2  usei 
in  electrochromic  and  rechargable  battery  applications.  The 
cathodically  deposited  films  connect  adjacent  microelectrodes  allowing 


the  resistance  of  Ni(0H)2  as  a  function  of  potential  to  be  measured. 
The  resistance  of  Ni (OH) 2-connected  microelectrodes  decreases  by  over 
three  orders  of  magnitude  upon  electrochemical  oxidation. 

Ni (OH) 2~based  microelectrochemical  transistors  are  poor  power 
amplifiers  compared  to  previously  characterized  conducting  materials, 
and  furthermore,  response  time  is  slow  due  to  sluggishness  of  Ni (OH) 2 
redox  electrochemistry.  The  prospect  of  substantial  improvements  in 
both  amplification  and  response  time  are  realistic  possibilities  based 
on  improved  microelectrode  design  and  increased  diffusion  coefficients 
for  protons.  Simultaneous  measurement  of  I G,  ID,  and  VG  allows  the 
conclusion  that  excess  anodic  charge  in  the  cyclic  voltammetry  of 
Ni(0H)2/  a  consequence  of  OH“  oxidation,  has  no  effect  on  the 
conductivity  of  the  material.  The  integrated  cathodic  charge,  which 
corresponds  to  the  charge  involved  in  Ni (OH) 2  NiO (OH) 
interconversion,  correlates  well  with  ID.  However  it  should  be 
emphasized  that  IG  *  0  when  a  Ni  (OH)  2~based  transistor  is  held  in  the 
"on"  state.  Though  the  steady  state  value  of  ID  is  always  much 
greater  than  IG,  this  "leakage"  current  is  much  greater  than  in  solid 
state  transistors1^  or  other  microelectrochemical  transistors . 13-17, 20 
pH-dependent  transistor  properties  observed  are  in  agreement  with 
predictions  based  on  the  pH-dependence  of  the  electrochemical 
oxidation  of  Ni(OH)2-  The  useful  pH  regime  has  been  demonstrated  to 
be  10  to  14.  Ni (OH) 2“based  microelectrochemical  transistors  are  able 
to  reproducibly  respond  to  a  change  from  pH  12  to  13  in  a  flowing 
stream  for  period  exdeeding  6  h.  The  response  time  is  adequate  for 
sensors  applications  and  the  durability  of  such  devices  in  basic 
solutions  is  impressive. 
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Figure  1.  Simultaneous  measurement  of  the  cyclic  voltammetry  (10  mV/s) 
and  relative  transmittance  at  500  nm  of  a  0.1  |im  thick  film  of  Ni  (OH)  2 
deposited  cathodically  on  transparent,  conducting,  F-doped  Sn02,  at  pH 
14.  The  inset  shows  %  transmittance  of  the  fully  reduced  and  fully 
oxidized  film. 

Figure  2.  Cyclic  voltammograms  at  pH  14  of  individual  adjacent 
Ni (OH) 2-connected  microelectrodes  and  of  the  pair  driven  together,  at 
several  scan  rates. 

Figure  3.  Resis'nnce  of  Ni (OH) 2-connected  microelectrodes  as  a 
function  of  VG  at  pH  14.  The  data  was  obtained  by  scanning  one 
microelectrode  ±5  mV  about  VG  at  2  mV/sec;  VG  was  moved  anodically. 

The  resistance  is  plotted  on  a  logarithmic  scale. 

Figure  4 .  ID  vs.  time  for  a  Ni (OH) 2_based  transistor  at  pH  14  as  VG  is 
stepped  repetitively  every  20  s  from  0.1  to  0.45  V  vs.  SCE  and  back. 

VD  =  100  mV. 

Figure  5.  Simultaneous  measurement  and  phase  relationship  of  VG,  IG, 
and  Iq  for  a  Ni  (OH) 2~based  microelectrochemical  transistor  at  pH  14  as 
VG  is  repetitively  swept  linearly  from  0.1  to  0.425  V  vs.  SCE  and  back 
at  a  frequency  of  3.8  x  10“^  Hz.  VD  = 


200  mV. 


37 


Figure  6.  ID,  cathodic  charge  (Qc) ,  and  anodic  charge  (Qa)  for  a 
Ni (OH) 2~based  microelectrochemical  transistor  vs.  VG  for  cyclic 
volcammograms  from  0  V  vs.  SCE  to  VG.  The  scan  rate  was  varied  so  that 
the  time  required  to  complete  a  single  cycle  was  20  seconds.  pH  =  14. 
VD  =  50  mV. 

Figure  7 .  ID  vs.  temperature-1  at  pH  14  for  a  Ni (OH) 2-based 
microelectrochemical  transistor,  with  VG  =  0.35  V  vs.  SCE,  and  VD  = 

100  mV.  ID  is  plotted  on  a  logarithmic  scale. 

Figure  8 .  pH  dependence  of  the  cyclic  voltammetry  and  Id~Vd  plots  (for 
several  VG's)  for  a  Ni (OH) 2-based  microelectrochemical  transistor. 

The  scan  rate  for  the  cyclic  voltammograms  was  50  mV/sec,  and  for  the 
ID-VD  plots  was  10  mV/s. 

Figure  9.  pH  dependence  of  steady  state  ID  vs.  VG  (at  fixed  VD  =  50 
mV)  for  a  Ni (OH) 2~based  microelectrochemical  transistor. 

Figure  10.  ID  vs.  time  for  a  Ni (OH) 2~based  microelectrochemical 
transistor  as  the  pH  of  a  continuously  flowing  stream  is  varied  from 
12  to  13.  VG  =  0.35  V  vs.  SCE  and  VD  =  50  mV. 
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